Malformations of cortical development are rare congenital anomalies of the cerebral cortex, wherein patients present with intractable epilepsy and various degrees of developmental delay. Cases show a spectrum of anomalous cortical formations with diverse anatomic and morphological abnormalities, a variety of genetic causes, and different clinical presentations. Brain magnetic resonance imaging has been of great help in determining the exact morphologies of cortical malformations. The hypothetical mechanisms of malformation include interruptions during the formation of cerebral cortex in the form of viral infection, genetic causes, and vascular events. Recent remarkable developments in genetic analysis methods have improved our understanding of these pathological mechanisms. The present review will discuss normal cortical development, the current proposed malformation classifications, and the diagnostic approach for malformations of cortical development.
Introduction
Malformations of cortical development are rare congenital anomalies of the cerebral cortex that have long been of interest to neuroscientists and pediatricians. The term "mal formations of cortical development" was first introduced in 1996 1, 2) . Patients with cortical malformations clinically present with epilepsy that is frequently intractable and various degrees of developmental delay and intellectual disability. It is assumed that approximately 40% of children with intractable epilepsy have malformations of cortical development 3) . Malformations of cortical development encompass a broad spectrum of anomalous cortical formations with diverse anatomical and morphological abnormalities, a variety of genetic causes, and different clinical presentations. The emergence of brain magnetic re sonance imaging (MRI) has greatly contributed to the determination of exact morphologies of cortical malformations. The hypothetical mechanisms of cortical malformation include any interruptions during the formation of the cerebral cortex: viral infections, genetic causes, vascular events, etcetera 4) . Recent developments in genetic analysis methods have improved our understanding of these pathological mechanisms, and offer implications for future therapeutic development. The present review will discuss the process of normal cortical development, the pathogenesis and classification of malformations, and the clinical diagnostic approach for malformations of cortical development.
Normal cortical development
The development of the cerebral cortex includes a series of complex processes. In the initial step, the proliferation (mitosis) of neuronal precursors in the ventricular zone results in an increase in the number of neurons. Next, neurons migrate from the ventricular zone to the cortex. The last step is the postmigrational organization of the neurons in the cortex 5, 6) . The mature cerebral cortex includes 2 types of cells: cortical neurons and glia. Neurons facilitate the signaling of the nervous system, and glia have supportive roles for the survival and func tion of neurons. There are 2 types of neurons: excitatory neurons and inhibitory interneurons. Excitatory neurons are born from polarized neuroepithelial cells (neuronal precursors) in the lateral ventricle. Excitatory neurons divide and differentiate into radial glial progenitors that extend fibers to the pial surface ( Fig. 1) 
7)
. Radial glial progenitors can then divide into intermediate proge nitors and outer radial glial progenitors, which divide and differ entiate into excitatory projection neurons that migrate along the processes of radial glia to form the cortical plate. The cerebral cortex develops in an "insideout" fashion. Earlyborn neurons form the deepest layers (V and VI) and laterborn neurons form the more superficial layers of the cortex (II and III). Structural barriers of the pial surface and molecular signals have roles in the arrest of neuronal migration 4) . In this manner, the 6layered la minar structure of the cerebral cortex is formed. Inhibitory inter neurons are born and migrate tangentially to the dorsal telence phalon, turn and migrate radially to the cortical plate, and are organized with excitatory neurons 8, 9) . Glia are formed from pro genitor cells after neurogenesis 9, 10) .
Pathogenesis and classification of malformations of cortical development
Malformations of cortical development result from the disrup tion of normal cortical development processes. In 1996, the initial classification scheme for cortical development was introduced based on the stage in which the developmental process was di sturbed 1) . This scheme has since been updated and revised accord ing to newly discovered mechanisms of pathogenesis; the most recent revision was published in 2012 2) . There are 3 groups of cortical development malformation based on the timing and pathogenesis of the disruption: (1) group I, malformations sec ondary to abnormal neuronal and glial proliferation or apoptosis; (2) group II, malformations due to abnormal neuronal migration; and (3) group III, malformations associated with abnormal postmigrational development.
1. Group I: malformations secondary to abnormal neuronal and glial proliferation or apoptosis
Group I is associated with interruptions in the initial stages of neuronal precursor proliferation as well as disequilibrium between the proliferation and apoptosis of neuronal precursors. Subgroups include (1) group I.A: microcephaly; (2) group I.B: megalen cephaly; and (3) group I.C: cortical dysgenesis with abnormal cell proliferation.
1) Microcephaly
Microcephaly is defined by a head circumference less than 2 standard deviations below the average. Primary microcephaly, frequently referred to as microcephaly vera, is characterized by a small brain size without any anomalies in other organs. In pri mary microcephaly, brain MRI shows a normal structure, al though the actual volume of the brain is less than 2 standard deviations below the average ( Fig. 2A) . Occasionally, a simplified gyral pattern, heterotopia, hypomyelination, or cerebellar hypo plasia can accompany microcephaly 4) . Microcephaly results from reduced proliferation or accelerated apoptosis. To date, most gene mutations known to cause microcephaly affect neurogenesis pathways by altering regulation of transcription, cell cycle, cen trosome duplication and maturation, mitotic spindle disruption, and DNA repair defects (Table 1) 2,1116)
. These factors affect neuro genesis during phases of mitosis, which can produce proliferation Microcephaly 5 (AR) CENPJ *609279 Encodes a centrosomal protein with a putative role in regulation of micro tubule assembly and nucleation 43) Microcephaly 6 (AR) WDR62 *613583 Encodes a protein that localizes to the centrosome and to the nucleus, de pending on the cell phase and on the cell type 44) Microcephaly 2 (AR) with or without cortical malformation
Abnormal neuronal migration

PAFAH1B1
*601545 NDEL1 interacts with LIS1 to sustain the function of dynein, which in turn impacts microtubule organization, nuclear translocation, and neuronal positioning 45) Lissencephaly 1, subcortical band heterotopia DCX *300121 Microtubule associated protein, stabilizes microtubules against depoly merization 32) X-linked Lissencephaly, X-linked subcortical laminar heterotopia TUBA1A *602529 Encodes neuronal alpha1-tubulin 32) Lissencephaly 3; microcephaly and pachygyria; thick gyri NDE1 *609449 Encodes a protein with a role in mitosis; NDE1 and LIS1 (*601545) inter act and are involved in cerebral cortical development 14) Lissencephaly 4 (with microcephaly) RELN *600514 Encodes reelin, a large secreted glycoprotein that activates a signaling pathway in postmitotic migrating neurons required for proper positioning of neurons within laminated nervous system parenchyma 46) Lissencephaly 2 (AR) TUBB3 *602661 Neuronal beta-tubulin isoforms 47) Cortical dysplasia, complex, with other brain malformations 1 (AD) FLNA *300017 Actin-binding protein that regulates reorganization of the actin cytoskeleton by interacting with integrins, transmembrane receptor complexes, and second messengers 48) Periventricular heterotopia (XLD) ARX *300382 Encodes the Aristaless-related homeobox protein, which belongs to the Aristalessrelated subset of the paired class of homeodomain proteins, which play crucial roles in cerebral development and patterning 49) Lissencephaly, infantile spasms, intellectual disability 
4) Focal cortical dysplasia
Focal cortical dysplasia is one of the most frequent causes of intractable focal epilepsy. The pathology shows dysplastic neu rons, balloon cells, and cortical dyslamination 23, 24) . High resolu tion MRI can identify blurring of the graywhite matter junction, abnormal gyral thickening, and gray or white matter abnor malities (Fig. 3B ) 24, 25) . The pathogenesis of focal cortical dysplasia has yet to be revealed; however, brain somatic mutation of mTOR was recently proposed to underlie type II focal cortical dyspla sia 26) .
Group II: malformations due to abnormal neuronal migration
Group II is divided into 4 subgroups according to the timing of neuronal migration interruption: (1) .
1) Heterotopia (group II.A)
Periventricular heterotopia is characterized by neuronal no dules in the periventricular area and a normal cerebral cortex. Heterotopia results from the failure to initiate migration in a small group of neurons. Pathological specimens show normalshaped neurons and glia accompanied by myelinated fibers and gliosis 27) . Approximately 90% of patients present with various types of seizures, mostly in adolescence. Brain MRI of these patients shows variously sized nodules along the lateral ventricles (Fig.  4A) . The possible causes of periventricular heterotopia are genetic abnormalities and result in a smaller population of neurons.
2) Megalencephaly
Megalencephaly refers to a condition in which the brain is more than 2 standard deviations above average (Fig. 2B ). This group is not fully defined, and 6% of patients with polymicrogy ria show megalencephaly 17) . The discovery of specific pathways that control cell prolifera tion has informed the pathogenesis of several malformations of cortical development. The mammalian target of rapamycin (mTOR) pathway plays an important role in abnormal cortical de velopment of the tuberous sclerosis complex (TSC) 18) . The dis covery of the mTOR pathway's role in TSC has had great thera peutic implications for TSC: mTOR pathway inhibitors are now used in the treatment of subependymal giant cell astrocytoma 19) .
3) Hemimegalencephaly
Hemimegalencephaly is the overgrowth of one brain hemi sphere or part of a hemisphere. The pathology typically reveals various degrees of cortical dysplasia, white matter abnormalities, and polymicrogyria. Hemimegalencephaly can present as an isolated anomaly or it can exist as part of syndrome such as Klip pelTrenauney syndrome or hypomelanosis of Ito 20) . Patients with hemimegalencephaly present with mental retardation, earlyonset intractable epilepsy, and contralateral hemiparesis. Brain MRI of these patients reveals abnormal enlargement of at least one lobe or one hemisphere, white matter signal abnormalities, pachy gyria, and heterotopia (Fig. 3A) 4) . De novo somatic muta tion of the AKT3 pathway was proposed to be associated with hemime galencephaly in surgical specimens 21, 22) . (FLNA mutation) or acquired (infection, injury, or radiation).
2) Classical (type I) lissencephaly (group II.B)
Lissencephaly is one of the bestknown malformations of cor tical development, referred to as "smooth brain," and results from the absence of normal gyri and sulci formation. Patients with type I lissencephaly have severe intellectual disability, microce phaly, and intractable epilepsy including infantile spasms. There are several genes that have been identified as causal to this malformation, including LIS1, DCX, TUBA1A, ARX, and RELN ( Table 1) 2831)
. Brain MRI of these patients shows snowmanshaped configurations with areas of pachygyria and agyria (Fig. 4B) . The posterior head region is more severely affected in patients with LIS1 mutations, while the frontal and temporal areas are smoother in patients with DCX mutations 32) .
3) Subcortical band heterotopia (group II.C)
Subcortical band heterotopia is also referred to as "double cortex" syndrome, because it is characterized by a band of sub cortical heterotopic neurons between the ventricle and cere bral cortex. This disorder is mainly seen in females and is associated with intellectual disability and intractable epilepsy. Subcortical band heterotopia is known to be associated with mutations of the DCX gene 33) . The function of the DCX protein is to direct neuronal migration by regulating the organization and stability of micro tubules that facilitate neuronal motility during corticogenesis 28) . Mutation of the DCX gene in males causes classical lissencephaly. Brain MRI of these patients reveals a thin layer of white matter between 2 layers of gray matter (Fig. 4C) . Type II lissencephaly is characterized by the nodular ap pearance of the cerebral cortex due to disorganization of the cor tical layers, and excessive migration of neurons through the pial surface. This disorder is frequently associated with various eye abnormalities and congenital muscular dystrophies 4) . Clinically, increases in serum creatine kinase in patients with type II lis sencephaly can expedite diagnosis. The clinical phenotype varies according to the causative genes. Fukuyama muscular dystrophy is the mildest form of type II lissencephaly, mainly existing in Japan and rarely in Korea (Fig. 5A ) 34, 35) . Muscleeyebrain disease has been mainly reported in Finnish populations with early onset eye symptoms, intellectual disability, myoclonus, and congenital muscular dystrophy 36) . Walker-Warburg syn drome is the most severe form of type II lissencephaly and results in early infantile death 37) .
Group III: malformations secondary to abnormal postmigra tional development
According to the classifications proposed in 2012, polymicro gyria is divided into 4 groups: group III.A, with schizencephalic clefts or calcifications that are presumably due to infection or va scular causes; group III.B, without clefts or calcifications, and may be genetic or disruptive; group III.C, as part of genetically defined multiple congenital anomaly syndromes; and group III.D, which is associated with inborn errors of metabolism 2) .
1) Polymicrogyria and schizencephaly (group III.A)
Polymicrogyria refers to a lumpy appearance of the cerebral cortex resultant from numerous small gyri separated by shallow sulci. This malformation can be focal or diffuse, and unilateral or bilateral. Bilateral polymicrogyria is frequently seen affecting the frontal, frontoparietal, parietooccipital, perisylvian, or medial occipital areas. Polymicrogyria is associated with various degrees of intellectual disability, motor dysfunction, and epilepsy. Familial polymicrogyria syndrome involves the frontoparietal and peri sylvian areas and is reported to be associated with mutation of GPR56 38) . Brain MRI of these patients shows small irregular gyri and vague gray/white matter differentiation.
Schizencephaly is characterized by the appearance of a cleft between the cortex and ventricle that is lined by polymicrogyric cortex (Fig. 5B ). This malformation can be unilateral and bilateral; type I includes "closedlip" clefts and type II includes "openlip" clefts. The phenotype is more severe in type II, with patients showing developmental delay, microcephaly, intractable epilepsy, and motor deficits in the contralateral limbs 4) .
2) Focal cortical dysplasia (group III.C)
Focal cortical dysplasia is the most common cause of intract able focal epilepsy and is frequently considered a candidate for epilepsy surgery. Certain forms of focal cortical dysplasia are classified as group III because they can result from injury to the cerebral cortex in the later stages of cerebral cortical develop ment. There have been reports about the various causes of mild forms of focal cortical development (type I), and these include prenatal and perinatal injuries such as severe prematurity, asphyxia, bleeding, hydrocephalus, and stroke 39, 40) . In addition, group III.C cases are associated with physical injury, vascular malformation, or epilep togenic tumor by definition.
Diagnostic approach to malformations of cortical development
Patients with malformations of cortical development usually present with intractable seizures or developmental delay. The phenotype is extremely heterogeneous; the age of presentation, the degree of developmental delay, and the severity of neurologic deficit can vary according to the type of malformation. Clinicians diagnose malformations of cortical development following brain MRI as a diagnostic process for seizure or developmental delay. Then, a radiologic classification is made according to the mor phological characteristics of the brain MRI. The diagnostic steps are summarized in Fig. 6 . The dysmorphisms and anomalies ac companying cortical malformations require thorough investiga tion. If brain MRI findings or phenotype imply a certain genetic disorder such as periventricular nodular heterotopia, lissence phaly, or cobble stone malformations, Sanger sequencing for the candidate gene is the most direct method of diagnosis. If there are associated anomalies or dysmorphisms such as MillerDieker syndrome, a chromosome study or chromosomal microarray is necessary. If there are multiple candidate genes for a given cor tical malformation group, such as microcephaly without other specific phenotype, targeted gene panel testing using next gene ration sequencing is more useful. If no causative gene is found by targeted gene sequencing, trio wholeexome sequencing for the proband and parents can be considered for a genetic diagnosis. Genetic diagnosis is recommended because it is a prerequisite for genetic counseling, explanation of the disease course, and prog nosis. At present, Sanger sequencing for the causative genes of malformations of cortical dysplasia and targeted gene sequencing are not formally permitted by the Korean National Health Insu rance Service. However, most genetic analyses are possible on a research basis, and these tests will be permitted formally in the near future.
Conclusion
Research investigating the genetic basis of various malforma tions of cortical development has improved our understandings of brain development and the pathophysiological basis of cortical malformations. Different mutations of the same gene can cause different phenotypic presentations depending on the degree of protein dysfunction. Lossoffunction mutations or gainoffunc tion mutations cause different phenotypes. Mosaicism can occur, revealing focal or milder phenotypic variations. In addi tion, func tional mosaicism occurs due to X chromosome inacti vation. In cases of gene mutation, causative management is not possible; however, elucidating causative genes and patholo gical mecha nisms is a great step towards therapeutic development.
Malformations of cortical development have become increa singly recognized with the introduction of brain MRI. Cortical malformations are a major cause of intractable epilepsy and de velopmental delay. Genetic mutations and the resultant patholo gies explain some malformations of cortical development, and these mechanisms are mainly associated with neuronal precursor proliferation, migration, and organization. Research about the pathogenesis of cortical malformation continues to elucidate the secrets of cerebral development. Diagnosis of mal formations of cortical development will lead to better treatment for seizures and developmental delay, and contribute to genetic counseling for the family. Future studies of the pathogenesis of malformations of cortical development will enhance the de velopment of treatments for various stages of brain development.
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